A genomic region containing RNF212 and CPLX1 is associated with sexually-1 dimorphic recombination rate variation in Soay sheep (Ovis aries). Individual rates were high relative to other mammal systems, and were higher in males than 
causes of variation in recombination rate is important in interpreting and predicting 28 evolutionary phenomena and for understanding the potential of a population to respond to 29 selection. However, despite attention in model systems, there remains little data on how 30 recombination rate varies at the individual level in natural populations. Here, we used 31 extensive pedigree and high-density SNP information in a wild population of Soay sheep (Ovis 32 aries) to investigate the genetic architecture of individual autosomal recombination rate. 33 Individual rates were high relative to other mammal systems, and were higher in males than 34 in females (autosomal map lengths of 3748 cM and 2860 cM, respectively). The heritability of 35 autosomal recombination rate was low but significant in both sexes (h 2 = 0.16 & 0.12 in 36 females and males, respectively). In females, 46.7% of the heritable variation was explained 37 by a sub-telomeric region on chromosome 6; a genome-wide association study showed the 38 strongest associations at the locus RNF212, with further associations observed at a nearby 
AUTHOR SUMMARY

48
Recombination offers an escape from genetic linkage by forming new combinations of alleles, 49 increasing the potential for populations to respond to selection. Understanding the causes 50 and consequences of individual recombination rates are important in studies of evolution and 51 genetic improvement, yet little is known on how rates vary in natural systems. Using data 52 from a wild population of Soay sheep, we show that individual recombination rate is heritable 53 and differs between the sexes, with the majority of genetic variation in females explained by 54 a genomic region containing the genes RNF212 and CPLX1. Ma et al. 2015) and may be dosage dependent (e.g. RNF212 in mice; Reynolds et al. 2013) . 85 The locus PRDM9 is associated with the positioning and proportion of crossovers that occur 86 in mammalian recombination hotspots (i.e. regions of the genome with particularly high 87 recombination rates; Baudat et al. 2010; Ma et al. 2015) , although this locus is not functional 88 in some mammal species, such as canids (Auton et al. 2013 ). These studies suggest that 89 recombination rate has a relatively oligogenic architecture, and therefore has the potential 90 to respond rapidly to selection over relatively short evolutionary timescales. 
MATERIALS AND METHODS
120
Study population and pedigree. Variation in crossover probability relative to proximity to telomeric regions on each 215 chromosome arm was examined using general linear models with a Gaussian error structure.
216
The response variable was crossover-probability per bin; the fitted covariates were as follows: An additional model was tested, using ratio of male to female crossover probability as the 223 response variable, with the same fixed effect structure (omitting sex). In both models, the 224 distance to the nearest telomere was limited to 60Mb, equivalent to half the length of the been shown to be highly correlated (Bérénos et al. 2014 ). Sex-specific models were also run. 
RESULTS
418
Broad-scale variation in recombination landscape.
419
We used information from 3330 sub-pedigrees and data from 39104 genome-wide SNPs Table S2 ). There was a linear relationship between the length of autosomes in 427 megabases (Mb) and linkage map lengths (cM; Adjusted R 2 = 0.991, P < 0.001; Figure 2A ). in cM (i.e. differences in male and female recombination rate) was consistent across all 432 autosomes (Adjusted R 2 = 0.980, P < 0.001, Figure 2C ).
434
Fine-scale variation in recombination landscape.
435
Finer-scale probabilities of crossing-over were calculated for 1Mb windows across the 436 genome for each sex, using recombination fractions from their respective linkage maps.
437
Crossover probability varied relative to proximity to telomeric regions, with a significant 438 interaction between sex and distance to the nearest telomere fitted as a cubic polynomial 439 function ( Figure 3A ). Males had significantly higher probabilities of crossing-over than females 440 between distances of 0Mb to 18.11Mb from the nearest telomere ( Figure 3B , Table S3 ).
441
Increased crossover probabilities were associated with higher GC content (General linear 442 model, P < 0.001; Genetic architecture of recombination rate.
462
Genome-wide association study (GWAS).
The most significant association between SNP 463 genotype and ACC in both sexes was at s74824.1 in the sub-telomeric region of chromosome 464 6 (P = 2.92 × 10 -10 , Table 2 ). Sex-specific GWAS indicated that this SNP was highly associated 465 with female ACC (P = 1.07 × 10 -11 ), but was not associated with male ACC (P = 0.55; Table 2 , Two further regions on chromosome 3 were associated with ACC using the GWAS approach. Table   486 S4. Table S5 ). There was a strong sex-specific association of ACC in females 491 within a sub-telomeric region on chromosome 6 (20 SNP sliding window; Figure 5B ). This Table S5 ). There was an additional significant association between ACC in both sexes and combined; however, in sex-specific models, the significant association with ACC did not 503 remain after correction for multiple testing (Table S5) . No association was observed in the 504 regional heritability analysis with the two regions on chromosome 3 identified using the 505 GWAS approach. Full results for the regional heritability analysis are provided in Table S5 . Table S6 ). This block contained three candidate genes, complexin 1 (CPLX1), cyclin-519 G-associated kinase (GAK) and polycomb group ring finger 3 (PCGF3) and was 177kb away 520 from the candidate locus RNF212 (Kong et al. 2014) . SNP genotypes were imputed for all 521 individuals typed on the 50K chip at these 122 loci, and the association analysis was repeated.
522
The most highly associated SNP (oar3_OAR6_116402578, P = 1.83 × 10 -19 ; Haplotype sharing of associated regions with domesticated breeds.
534
Seven core haplotypes of six SNPs in length tagged different alleles at oar3_OAR6_116402578 535 at the sub-telomeric region of chromosome 6. Two were perfectly associated with the A allele 536 at oar3_OAR6_116402578 (conferring reduced ACC) and five were perfectly associated with 537 the G allele (conferring increased ACC; Table S8 ). The extent of HS between Soays and non- Additional genomic regions associated with recombination rate included: two loci at 48.1Mb 590 and 82.4Mb on chromosome 3 (identified using GWAS) with effects on males only and both 591 sexes, respectively; and a 1.09Mb region of chromosome 7 affecting rates in both sexes 592 (identified using regional heritability analysis). Although the chromosome 7 region was large 593 and specific loci cannot be pinpointed, it contained REC8, the protein of which is required for between the RNF212/CPLX1 region and male recombination rate is due to low power to 632 detect the effect, as (a) models including both sexes showed reduced, rather than increased 633 significance in this region; (b) bivariate models accounting for variation in RNF212 as a fixed 634 effect supported a sexually dimorphic genetic effect with a lower degree of error than the 635 bivariate approach ( Figure 7 ) and (c) repeating the association analysis at the most highly 636 associated SNP using sampled datasets of identical size in males and females found 637 consistently higher association at this locus in females ( Figure S4 ).
639
How much phenotypic variation in recombination rate is explained?
640
The approaches used in this study were successful in characterizing several regions of the 641 genome contributing to the additive genetic variance in recombination rate. Variation and sexual dimorphism in recombination landscape.
664
Males had considerably higher recombination rates than in females, which was driven mainly 665 by large differences in crossover frequencies in the sub-telomeric regions between 0 and was still significantly higher than that of females ( Figure S5 ; Ma et al. 2015 
